INTRODUCTION
The current generation of communications satellites are located primarily in geosynchronous Earth orbit (GEO) . Over the next decade, however, a new generation of communications satellites will be built and launched. A recent study indicated that there will be a market for as many as four of these worldwide communications satellites s stems, and that these will produce a revenue of $9 biiion per year These next-generation communications satellites will be designed to rovide a world-wide interconnection of portabk telephones. For this mission, to allow the use of low-power hand-held telephones and very small aperture antennas, the satellites must be positioned in lower polar-and nearpolar orbits. To provide complete coverage, large numbers of satellites will be required: as few as 66 satellites for the Iridium system, or as many as 900 satellites for the Teledesic system.
The required number decreases significant1 as the orbital altitude is increased. Far fewer satehes are required if the orbit chosen is raised from Low
PI.
Earth Orbit (LEO) to intermediate Earth orbit. By doin this, however, the radiation environment of the satehe is significantly increased, resulting in decreased lifetime. It is the purpose of this paper to demonstrate the savings that can be achieved by use of higher orbits and to show that, by using improved, radiation-tolerant solar cells 221, the lifetimes can be increased substantially, allowing these higher orbits to be used.
REQUIREMENTS
The number of satellites required as a function of altitude can be calculated if the view angle for each satellite and the constellation geometry are known. We will assume here that the constellation consists of satellites in circular polar (or near-polar) orbits. This is not necessarily the optimum constellation for all purposes, however, it is similar to the constellations proposed for next-generation s stems, and has the advantage of being easily cayculable. For other constellation geometries, the number of satellites required to provide complete coverage differs by a constant multiplicative factor.
Satellite view angle accounts for the fact that a round station cannot communicate with a satellite all $e way down to the horizon due to horizon clutter, mountains, buildin s, etc. Here we assume a view angle (measured #om the zenith) or=85'; that is, a satellite is in view of a ground station if it is 5" or hi her above the horizon. For view angle a and an orktal altitude (measured above the surface) of h, the number of degrees that a given satellite can be viewed from is:
(1 1 where R is the radius of the Earth. Complete, uninterrupted coverage of the Earth can be achieved usin a constellation of polar (or near-polar) orbit satefites if there are (2) satellites in each orbital plane, and
orbital planes.
For an altitude of 780 km, this calculation shows that 11.24 satellites are required er orbital plane, and 5.7 orbital planes will be neede2 (Clearly, for actual
systems integral numbers are required.) In comparison, the Iridium satellite system, with a proposed altitude of 780 kilometers, and an inclination of 86O. uses 1 1 satellites per orbital plane, and 6 orbital planes. The agreement between calculated and actual number of satellites is good.
If we ne lect the fact that the number of satellites per orbital pine, and the number of orbital lanes, must be an integer, the total number of satelites to r i d e complete coverage of the Earth's surface can
This is shown in figure 1 . Hi h radiation levels will result in degradation of both t ! e on-board electronics and of the spacecraft solar arrays. While the electronics can, in rinciple, be shielded from direct exposure, and raJation tolerance components can be chosen, the solar array must necessarily be exposed to the environment. The lifetime of satellites in the intermediate Earth orbits discussed is thus expected to be limited by the radiation damage of the solar arrays. Figure 3 compares the total radiation fluence over the five-year nominal lifetime of the satellite for the orbits of interest, comparing 700 and 3200 km polar orbits with equatorial LEO and geosynchronous orbit. These fluences are calculated in terms of equivalent electron exposure seen by a 200 pm silicon solar cell with a 125 pm coverglass and a flexible substrate. In 3200 km orbit, the satellite encounters radiation levels nearly three orders of magnitude more than those encountered in the 700 km orbit. Figure 4 shows the calculated loss of array power due to radiation damage in the 3200 km polar orbit. Details on the calculation procedure are discussed in reference [5]. For this graph, a front cover lass thickness of 125 pm 5 mils was assumed. S h o n provides 50 mlcrons of backside shiehing degrade to almost zero performance in the first month of operation. This is clearly not a usable array structure. A conventional rigid array, with effectively. infinite backside shieldin , decreases the degradation, but the silicon cell stif loses power at an unacceptably high rate.
In contrast. InP solar cells have considerably higher radiation tolerance [ 6 . Using the same arra an array using InP solar cells will lose only 20% of initial power during the first year of operation.
Increasing the coverglass thickness to provide more approximated as: cells with a lightweig L l t flexible arra structure that structure and coverglass thic L ness as the silicon cell shielding will result in lower levels of degradation, and allow the array to provide acceptable power levels for the full five-year satellite lifetime, even in the highradiation orbt.
While use of the higher orbits will incur higher launch costs per satellite, the decreased number of satellites more than compensates for the increased launch cost. Further, in most communication satellite systems the launch cost comprises typically less than a third of the total satellite cost; in some cases, considerably less than a third. 
Days in 3200 km polar orbit
Decrease in efficiency for silicon and InP solar cells in 3200 km polar Orbit.
